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Energy and protein intakes as determinants of nitrogen
balance
HAMISH N. MUNRO
Physiological Chemistry Laboratories, Massachusetts Institute of Technology, Cambridge, Massachusetts
In spite of general recognition of the errors and
limitations of nitrogen balance studies [1], the tech-
nique continues to be used as a major tool for as-
sessing changes in body protein content under vari-
ous regimens. A certain minimum of dietary protein
is necessary to maintain nitrogen equilibrium, and it
is also recognized that insufficient energy intake af-
fects nitrogen balance adversely. Nevertheless, the
relationship of energy intake at or above require-
ments to nitrogen balance is less well understood.
It is the purpose of this review to demonstrate
that a) nitrogen balance is influenced by both pro-
tein and energy intake, even when intake of energy
is more than adequate; b) in consequence of this,
our concepts of protein requirements, based on ni-
trogen balance, can be affected by the level of ener-
gy available; and c) the type of energy source is im-
portant, especially in short-term balance studies,
since there is a specific insulin-dependent effect of
dietary carbohydrate on protein metabolism. These
fields have been reviewed elsewhere in more detail
[2—4].
Effectofdietary energy on protein metabolism
Response of protein metabolism on different lev-
els of energy intake. It is generally conceded that
caloric restriction leads to loss of nitrogen from the
body. It is not so well-known, however, that the ad-
dition of extra energy to an adequate diet over long
periods leads to nitrogen retention (Fig. 1). Al-
though this response has been demonstrated in the
growing and adult rat and in adult man [3, 41, such
studies have not been performed in children. In a
few early studies on human subjects [41 in which
energy intake was varied from insufficient to exces-
sive, and in more recent experiments [6—9j, the role
played by variations in energy intake in establishing
nitrogen balance confirms that energy intake inter-
acts with nitrogen balance continuously over a
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range below and above requirements; in con-
sequence, nitrogen balance is the result of both the
protein and energy content of the diet. A similar
phenomenon has been reported in adults [Ill and
children [12] with uremia (see also Kopple; and
Holliday and Chantler, this issue). The magnitude
of the retention caused by the excess caloric intake
is related to the protein content of the diet [51.
These human balance studies have been con-
firmed and extended to changes in protein metabo-
lism in individual tissues by experiments on mature
rats [101. Subsequent studies on rats, on different
concentrations of protein and energy intake,
showed first that these interactions of dietary pro-
tein and energy intake still affect the nitrogen bal-
ance in rats receiving exogenous corticosteroids
[131. A second relationship to adrenocortical func-
tion was shown by the finding [1141 that the addition
of energy as carbohydrate or fat to a diet containing
adequate protein caused adrenal gland enlargement,
whereas the same addition to a protein-free diet
failed to do so (Table 1). Since adrenocortical activ-
ity is known to affect liver protein content [131, we
can speculate that one mechanism by which dietary
protein and energy intake interact on protein metab-
olism is through their effects on endocrine function,
notably adrenocortical activity.
Muscle is a large proportion of total body mass
and has a considerable effect on the nitrogen bal-
ance of the body. Amino acid metabolism in rat
muscle is influenced by the energy content of the
diet of the rat [15]. Dietary energy directly influ-
ences the rate of muscle protein synthesis in normal
[161 and in uremic [17] rats. We also have evidence
that deficiency of both dietary protein and energy
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Fig. 1. Cumulative nitrogen retention curves showing the
amounts of nitrogen retained daily when extra energy is added to
an already adequate diet. One human subject was studied under
various conditions of surfeit feeding; his basal diet of 75 g of
protein and 2,850 kcal of energy per day was the same in all ex-
periments, and about 700 kcal extra energy daily was added on
each occasion of surfeit feeding. Response of nitrogen balance
can be expressed by the following equations, in which Y = nitro-
gen (N) retention/extra kcal, and X = number of days of surfeit
feeding.
Extra fat added (F): Y = 1.4 X — 1.2 mg of N.
Extra carbohydrate added (C): Y = 2.1 X — 1.7 mg N.
Extra protein, carbohydrate, and fat (P + C + F):
Y = 2.9 X + 2.1 mg N.
(This figure is reprinted with permission of Academic Press [4].)
affects the rate of myofibrillar breakdown, as mea-
sured by excretion of 3-methylhistidine in the urine
[18]. From this we can conclude that, while protein
deficiency alone causes conservation of muscle
through a reduction in rate of myofibrillar break-
down, protein-calorie deficiency promotes contin-
ued breakdown of muscle protein, presumably in
order to provide metabolites for other tissues.
Thus, an inadequate intake of energy leads both to
reduced synthesis of protein and to continuing deg-
radation of muscle protein, a situation which de-
pletes muscle, whereas feeding increases synthesis
and depresses degradation [11, 19]. This reciprocal
relation of synthesis and breakdown applies within
a diurnal cycle in rats fed 12 hr of each day on a
schedule that supports normal growth [11, 12, 19].
Specific action of dietary carbohydrate on pro-
tein metabolism. In addition to acting as an energy
source in the diet, carbohydrates have a protein-
sparing action through their capacity to cause re-
lease of insulin [4, 20]. The retention of nitrogen af-
ter glucose administration is apparently due to its
deposition in muscle. After a dose of glucose,
plasma amino acid concentration falls, especially
the branched-chain amino acids [20], and there is
deposition of labelled amino acids in muscle protein
[21]. Glucose administration in both control and
uremic rats causes a reduction in net muscle protein
catabolism and stimulates muscle protein synthesis
[17, 221. Consequently, muscle protein is favored
by increased synthesis and reduced breakdown fol-
lowing carbohydrate administration. None of these
effects occur when fat is fed as a single meal. By
contrast, fat is as effective as carbohydrate in sup-
porting nitrogen retention of patients on long-term
intravenous feedings [23].
In addition to influencing circulating amino acid
metabolism, dietary carbohydrate also interacts
with amino acids from the same meal. Giving pro-
tein and carbohydrates as separate meals leads to
nitrogen loss from the body, which can he reversed
by giving these two nutrients in the same meal [24].
This phenomenon presumably represents an exten-
sion of the same mechanism just described.
Tabie 1. Effects on adrenal weight of protein and energy intakes in adult female rats for II dayso
Dietary
Body wt change, g
—
No
protein
Adrenal weight
mg/lOO g initial body wt
+ Protein Difference
No
protein + Protein
Low
+ Carbohydrate
+ Fat
—20 —23
—11 — 5
—Il — 4
26.5
21.9
24.4
26.2
31.6
33.2
—0.3
+9.7
+8.8
a Data were abstracted from Ref. 14.
P÷c+
,xF
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Nutritional implications of the interaction of dietary
energy and protein
Under normal conditions, nitrogen balance is im-
proved by either an increase in energy or protein
intake. The improvement in nitrogen balance
caused by an increment in energy intake, however,
can be prevented by an inadequate intake of pro-
tein; conversely, the beneficial effects of an in-
crease in protein intake can be inhibited by in-
adequate energy intake.
Increasing levels of protein intake above require-
ment do not cause progressive retention of nitro-
gen, whereas increases in energy intake do (Fig. 1).
Consequently, energy intake is a particularly impor-
tant determinant of nitrogen balance. The signifi-
cance of this can be appreciated in relation to the
adult requirement for dietary protein. In the past,
not enough attention has been paid to the energy
content of the diet, but there is evidence [6—9J that
important differences in our concepts of dietary al-
lowances for protein can arise from disregarding ca-
loric intake. For example, Inoue, Fujita, and
Niiyama [6] demonstrated that young Japanese
males can achieve nitrogen equilibrium on 0.42 g of
egg protein per kg of body wt if they receive 57 call
kg, but the requirements increase to 0.56 g/kg if the
caloric intake is lowered to 45 cal/kg, a level com-
patible with their energy needs. Scrimshaw [251 has
discussed the implications of such factors in deter-
mining allowances of protein in human nutrition.
For the renal patient, total energy and carbohy-
drate intake may be significant in utilization of his
diminished capacity for coping with dietary protein.
Rats in renal failure respond to an improved caloric
intake, including a supplement of essential amino
acids, by retaining more nitrogen [261. The effects
of carbohydrate upon nitrogen loss and protein syn-
thesis in renal failure have been noted [17]. These
findings imply that protein metabolism in uremia is
qualitatively affected by the energy-yielding nutri-
ents of the diet in the same way as for normal sub-
jects, and that judicious use of this knowledge may
improve our approach to the dietary management of
patients with uremia.
Summary
Changes in caloric intake below or above energy
needs affect nitrogen balance, so that any change in
caloric intake results in a corresponding alteration
in nitrogen balance. The improvement in nitrogen
balance caused by an increase in energy intake,
however, can be frustrated if intake of protein is in-
adequate; conversely, the beneficial effects of an in-
crease in protein intake can be inhibited by an in-
adequate energy intake. These observations mean
that, in experimental studies, nitrogen balance is
the result of levels of both energy and protein; in
consequence, protein requirements can be inter-
preted only from such studies, where energy intake
is also defined under the experimental conditions.
In addition to the effect of dietary energy supply,
dietary carbohydrate has a short-term specific ef-
fect on protein metabolism not shared by fat, in
which plasma amino acids are diverted into muscle
protein through the action of insulin released by the
dietary carbohydrate. This metabolic interaction al-
so occurs between carbohydrate and amino acids
absorbed from the same meal.
Reprint requests to Dr. H. N. Munro, Department of Nutri-
tion and Food Science, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, U.S.A.
References
1. HEGSTED DM: Balance studies. J Nutr 106:307, 1976
2. MUNRO HN: Carbohydrate and fat as factors in protein utili-
zation and metabolism. Physiol Rev 3 1:449, 1951
3. CALLOWAY DH, SPECTOR H: Nitrogen balance as related to
calorie and protein intake in active young men. A,n J. C/in
Nutr 2:405, 1954
4. MUNRO HN: General aspects of the regulation of protein me-
tabolism by diet and by hormones, in Mammalian Protein
Metabolism, edited by MUNRO HN, ALLISON JB, New
York, Academic Press, 1964, Vol. 1, p. 381
5. PLOUGH IC, IBER FL, SI-IIPMAN ME. CHALMERS TC: The
effects of supplementary calories on N storage at high in-
takes of protein in patients with chronic liver disease. Am J
C/in Nutr 4:224, 1954
6. INOUE 0, FUJITA Y, NIIYAMA Y: Studies on protein require-
ments of young men fed egg protein and rice protein with
excess and maintenance energy intakes. J Nutr 103:1673,
1973
7. CALLOWAY DH: Nitrogen balance of men with marginal in-
takes of protein and energy. J Nutr 105:914—923, 1975
8. NAGESSWARA RAO C, NADAMUNI NAIDU A, NARASINGA
RAO BS: Influence of varying energy intake on nitrogen bal-
ance in men on two levels of protein intake. Am J C/in Nutr
28:1116—1 121, 1975
9. GARZA C, SCRJMSHAW NS. YOUNG VR: Human protein re-
quirements: The effect of variations in energy intake within
the maintenance range. Am J C/in Nutr 29:280—287, 1976
10. MUNRO HN, NAISMITH DJ: The influence of energy intake
on protein metabolism. Biochem J 54:191—197, 1953
11. HYNE BE, FOWELL E, LEE HA: The effect of calorie intake
on nitrogen balance in chronic renal failure. C/in Sci 43:679--
688, 1972
12. ABITBOL CL. HOLLIDAY MA: Effect of energy and nitrogen
intake upon urea production in children with uremia and un-
dernutrition. C/in Nephrol, in press
13. 000DLAD GAJ, MUNRO HN: Diet and the action of corti-
sone on protein metabolism. Biochem J 73:343, 1959
316 Munro
14. MUNRO HN, HuTcHisoN WC, RAMAIAH TR, NEILSON FJ:
The influence of diet on the weight and chemical constitu-
ents of the rat adrenal gland. Br J Nutr 16:387—395,1962
15. MUNRO HN, CHISHOLM J, NAISMITH Di: The influence of
the energy content of the diet on the uptake of labelled
amino acids by tissue proteins. Br J Nutr 16:245, 1962
16. GARLICK PJ, MILLWARD DJ, JAMEs WPT: The diurnal re-
sponse of muscle and liver protein synthesis in vivo in meal
fed rats. Biochem J 136:935—945, 1973
17. HOLLIDAY MA, CHANTLER C, MACDONNEL R, KEITGES J
Effect of uremia on nutritionally-induced variations in pro-
tein metabolism. Kidney mt 11:236—245, 1977
18. HAVERBERG LN, DECKELBAUM L, BILMAZES C, MUNRO
HN, You NO VR: Myofibrillar protein turnover and urinary
N'-methylhistidine output: Response to dietary supply of
protein and energy. Biochem J 152:503, 1975
19. WASSNER SJ, ORLOFF S. HOLLIDAY MA: Protein degrada-
tion in muscle: response to feeding and fasting in growing
rats. Am J Physiol 233:E119—123, 1977
20. MUNRO HN, THOMSON WST: Influence of glucose on amino
acid metabolism. Metabolism 2:354, 1953
21. MUNRO HN, BLACK JG, THOMSON WST: The mode of ac-
tion of dietary carbohydrate on protein metabolism. Br J
Nutr 13:475, 1959
22. WASSNER Si, ORLOFF S. HOLLIDAY MA: Use of 3-methyl-
histidine to show cyclic variation of, and effects of starvation
on, muscle protein catabolic rats (abstr.). Fed Proc 35:497,
1976
23. JEEJEEBOY KN, ANDERSON GH, NAKHOODA AF, GREEN-
BERG OR, SAN DERSON I, MARLISS EB: Metabolic studies in
total parenteral nutrition with lipid in man: Comparison with
glucose. J Clin Invest 57:125—136, 1975
24. CUTHBERTSON DP, MUNRO HN: The relationship of car-
bohydrate metabolism to protein metabolism: 1. The roles of
total dietary carbohydrate and of surfeit carbohydrate in
protein metabolism. Biochem J 33:128, 1939
25. SCRIMSHAW NS: Strengths and weaknesses of the com-
mittee approach: An analysis of past and present recom-
mended dietary allowances for protein in health and disease.
NEnglJMed294:136, 198, 1976
26. DIAZ M, KLEINKNECHT C. BROYER M: Growth in experi-
mental renal failure: Role of calorie and amino acid intake.
Kidney mt 8:349, 1975
